Prematurely born children often develop neurodevelopmental delay that has been correlated with reduced growth and microstructural alterations in the cerebral cortex. Much research has focused on apoptotic neuronal cell death as a key neuropathological features following preterm brain injuries. How scattered apoptotic death of neurons may contribute to microstructural alterations remains unknown. The present study investigated in a rat model the effects of targeted neuronal apoptosis on cortical microstructure using in vivo MRI imaging combined with neuronal reconstruction and histological analysis. We describe that mild, targeted death of layer IV neurons in the developing rat cortex induces MRI-defined metabolic and microstructural alterations including increased cortical fractional anisotropy. Delayed architectural modifications in cortical gray matter and myelin abnormalities in the subcortical white matter such as hypomyelination and microglia activation follow the acute phase of neuronal death and axonal degeneration. These results establish the link between mild cortical apoptosis and MRI-defined microstructure changes that are reminiscent to those previously observed in preterm babies.
Introduction
Prematurity is the most important cause of cognitive, behavioral, and socialization deficits in childhood (Johnson and Marlow 2011) . The rate of preterm birth ranges from 7% to 11% of all live births worldwide (Beck et al. 2010 ) and up to 50% of these infants may exhibit subsequent neurological and behavioral disabilities (Volpe 2009 ). The neuropathology of the human premature brain remains elusive. It has been proposed that the underlying pathology termed "encephalopathy of prematurity" is the result of a combined effect of an initial destruction and the subsequent delay in gray matter development, especially in the cerebral cortex (Volpe 2009 ). The causal relationship between destructive processes and delayed growth impairment remains obscure. Emerging evidence indicates that even in the absence of any overt damage in the brain, preterm survivals exhibit reduced gray matter volume accompanied by cognitive disorders (Inder et al. 2005; Dubois et al. 2008; Ball et al. 2012) . Diffusion tensor magnetic resonance imaging (MRI) in human infants and newborn lambs revealed that reduced gray matter volume is paralleled by MRIdefined microstructural changes consisting of a delayed reduction of fractional anisotropy (FA) that is normally occurring during postnatal development (Ball et al. 2013; Dean et al. 2013; Vinall et al. 2013) . A recent ex vivo study of the brain of fetal lambs that has experienced intrauterine ischemia suggests that microstructure alterations could be correlated with a delayed maturation of dendritic arbors (Dean et al. 2013 ). In addition, human neuropathological studies show that white matter injuries in perinatal period result in delayed neuronal loss in the different regions of developing brain (Pierson et al. 2007; Andiman et al. 2010; Northington et al. 2011; Kinney et al. 2012) . While it has been speculated that perinatally occurring scattered apoptotic cell death in the cortical gray matter may contribute to the encephalopathy of prematurity (Johnston et al. 2001; Wasterlain et al. 2002; Folkerth 2005; Zhu et al. 2005) , the impact of such lesion on subsequent development of the cerebral cortex remains unknown. In particular, the effects of apoptotic lesion on MRI-defined microstructural maturation have not been explored. This is related, at least partially to the difficulties to detect and monitor subtle and diffuse apoptotic death with MRI techniques due to the variability in onset and location of apoptotic lesions.
Therefore, in approaching this issue, we took advantage of a well-established rat model of targeted neuronal ablation utilizing a diphtheria toxin (DT) and diphtheria toxin receptor (DTR) systems (Petrenko et al. 2015) . The model allows the precise spatiotemporal control of moderate apoptotic neuronal death in the cerebral cortex. To examine microstructural changes, we used a multimodal approach of MRI and proton magnetic resonance spectroscopy ( 1 H-MRS) techniques combined with neuronal reconstruction and histological analysis. We hypothesized that scattered neuronal apoptosis in the developing cortex could induce acute and long-term microstructural changes that are reminiscent to those observed in encephalopathy of prematurity.
Materials and Methods

Animals
All described experiments were conducted in accordance with the Swiss laws and were previously approved by the Geneva Cantonal Veterinary Authority. Wistar rats were provided by Charles River Laboratories.
Plasmids
For introducing a high affinity receptor to diphtheria toxin (DTR), the plasmid pCLX-UBI-DTR_IRES-tRFP was used as an experimental construct. This plasmid expresses DTR together with the turbo red fluorescent protein (tRFP) (Evrogen) for labeling and tracking of electroporated cells. The plasmid pCLX-UBI-GFP encoding green fluorescent protein (GFP) was used as a control. Details on these plasmids and the procedures that have been used for their preparation can be obtained at (http://lentilab. unige.ch/). For principal experiments, the plasmid mix included 2.4 µg/µL of experimental plasmid and 2.6 µg/µL of control plasmid was electroporated in order to control electroporation pattern.
In Utero Electroporation and DTR Cell Death Induction
In utero electroporation was performed on the embryonic day 16 (E16), allowing continuation of gestation in utero. The procedure was done as described previously (Saito and Nakatsuji 2001) . About 1 µL of DNA solution (5 µg/µL of plasmid diluted in 10 M Tris-HCl, PH 8.0 and mixed with Fast green colorant, 1:1000, Sigma-Aldrich) was injected unilaterally through the uterine wall into the lateral ventricle of the fetus using mouth-controlled aspirator tube for calibrated microcapillary pipette (Sigma-Aldrich) under the control of colorant distribution in the ventricle. Electric field was generated by square waved electroporator (NepaGene, CUY21SC) and exposed between platinum forceps electrodes (d = 0.5 cm, NepaGene, CUY611P3-1) in the way to label part of fetal subventricular zone which gives origin for neurons in somatosensory cortex (positive electrode was posed on injected hemisphere, axis between 2 electrodes made angle 45-60°with sagittal axis of the head). The following settings of electroporator were used: voltage 50 V, exposure time 50 msec, time between pulses 950 msec, number of pulses 5.
Death of DTR electroporated cells was induced by single subcutaneous injection DT at P15 in dose 50 µg/kg. Due to the slight excess of the control plasmid, single control cells survived in the apoptotic neighborhood.
Tissue Processing and Immunohistochemistry
Under the pentobarbital anesthesia animals were perfused intracardially with 0.9% saline followed by 4% paraformaldehyde (PFA). Then brains were postfixed in 4% PFA overnight. Of the note, 50 µm coronal sections were obtained with Leica vibratome then incubated for 1 h in blocking solution (phosphate buffered saline (PBS), 0.5% bovine serum albumin and 0.3% Triton X-100) and with the primary antibodies diluted in the same solution overnight at 4°C. After rinsing 3 times in PBS, slices were incubated with complementary secondary antibodies, diluted in PBS with 0.5% bovine serum albumin for 1.5 h. Hoechst (Invitrogen, Molecular probes) staining was performed at final step of the procedure to visualize the nuclei. The following primary antibodies have been used: Mouse anti-CD68 (1:100, AbD Serotec), rabbit anti-GFAP (glial fibrillary acidic protein) (1:2500, Dako Cytomation), mouse anti-GFAP (1:2500, Millipore), goat anti-GFP (1:2500, Novus Biologicals), mouse anti-glutamine synthetase (GS) (1:200, Millipore), rabbit anti-Iba1 (1:2500, Wako), mouse anti-NeuN (1:500, Millipore), rabbit anti-tRFP (1:1000, Evrogen). To recognize the signal, following secondary antibodies were used: anti-rabbit Alexa-488, Alexa-568, Alexa-647; anti-mouse Alexa-488, Alexa-568, and Alexa-647; anti-goat Alexa-488, Alexa-568, and Alexa-647 (1:1000, Molecular Probes by Invitrogen). TUNEL assay (Roche) and Fluoro-Jade B (Millipore) staining were done according to the manufacture protocols.
Reconstruction of Dendritic Tree
Dendritic tree of the neurons labeled by electroporation was reconstructed using a computer-based Neurolucida system (MicroBrightField) on 60 µm thick coronal sections with ×40 objective on a Nikon microscope (Nikon Corporation). Only stellate cells in layer IV recognized by the small size of the cell body and absence of the apical dendrite were chosen for reconstructions. A morphometric analysis of total dendritic length and dendritic complexity including numbers of primary dendrites and secondary branch points (nodes) was performed with Neurolucida Explorer software (MicroBrightField). Distribution of the dendritic arbors from the cell body was expressed on the polar histograms where 0 degree corresponds to the apical part of the cell facing the cortical surface. At least 25 control cells and dying cells from 4 animals were reconstructed for each P15 control group and at 3 and 5 days after DT injection. At least 45 surviving labeled cells were reconstructed from 5 animals at 14 days after DT injection and in age-matched control.
Electron Microscopy
For electron microscopy studies, brains were perfused with 2% PFA containing 2.5% of glutaraldehyde in 0.1 M PBS. Of the note, 300 µm coronal vibratome slices were obtained with Leica vibratome and postfixed in the fixative solution for 1 h at 4°C. The regions from external capsule were dissected under binocular microscope. After postfixation in OsO 4 , further rinsing and dehydration through ascending series of ethanol concentrations and absolute acetone (3 changes for 5 min), the samples were infiltrated through graded acetone/Epon mixtures (1:1, 1:3, 2 h each) and immersed overnight in Epon resin. Flat embedding in Epon was used. Ultrathin sections (40-50 nm thick) were cut on an LKB 8800 ultratome (Sweden), stained with uranyl acetate and lead citrate, and examined with a Tecnai Electron Microscope (FEI) at 80 Kv.
In Vivo 1 H-MR Spectroscopy and Diffusion Tensor Imaging Studies
MR experiments were performed 3 days (n = 11), 5 days (n = 11), and 14 days (n = 8) post DT injection (DPI) on an activelyshielded 9.4 T/31 cm magnet (Varian/Magnex) equipped with 12-cm gradient coils (400 mT/m, 120 µs) using a quadrature transceive 17-mm surface RF coil. During measurements, rat was lying prone, its head secured via ear bars and continuously anesthetized under a flow of 1.5-2% isoflurane in oxygen. Body temperature was maintained at 37 ± 0.5°C using thermoregulated water circulation. T 2 -Weighted (T 2 W) Fast Spin Echo images with time repetition (TR)/ time echo (TE) = 6000/80 ms; FOV = 25 × 25 mm and matrix size = 256 × 128 were realized to position MRS voxel of interest. First and second order shims were adjusted using FASTMAP (Gruetter and Tkac 2000) . The water linewidths ranged between 8 and 12 Hz for voxel of interest of 1.5 × 1.5 × 3 mm 3 . First a water spectrum was acquired as reference for quantification (8 averages) then spectra acquisitions within the cortical lesion and the contralateral cortical area of rats were performed using an ultra-short echo time (TE/TR = 2.7/4000 ms) SPECIAL spectroscopy method (Mlynarik et al. 2006) . Twenty-two series of FIDs (16 averages each) were acquired.
Before DTI experiments, first and second order shims were adjusted using FASTMAP (Gruetter and Tkac 2000) resulting in a water linewidths of 16-20 Hz for a voxel of 5 × 7 × 7 mm 3 centered in the brain. For diffusion tensor imaging, a semi-adiabatic double spin echo sequence was used (van de Looij et al. 2011b ) and diffusion gradients were positioned around the first 180°with the same polarity resulting in a b-value fixed to 1000 s.mm −2 (δ/Δ = 3/23 ms and G = 26.6 G/cm) and applied along 21 spatial directions (Icosahedral 21 directions diffusion gradient sampling scheme [Hasan et al. 2001] 
H-MRS Analysis
Acquired spectra were individually corrected for frequency drift, summed together and corrected for residual eddy current effects using the reference water signal. Proton spectra were analyzed with LCModel (Provencher 1993 ) using the unsuppressed water signal corrected for age-dependent changes in brain water content as an internal reference (Tkac et al. 2003) . Metabolites were quantified resulting in a neurochemical profile of the ipsilateral and the contralateral cortical area for each group. A Wilcoxon nonparametric paired test was used to compare statistically values between ipsilateral and contralateral ROIs, significance was reached when P < 0.05. For MRS results, a Bonferroni correction was applied on P values to correct for multiple measurements.
DTI Data Analysis
The extent of apoptotic region was delineated by the position of GFP-labeled cells on histological sections and regions of interest (ROIs) were manually delineated in the known apoptotic areas as well as in the contralateral position in the cortex and the external capsule. Diffusivity values (mean diffusivity -MD, parallel diffusivity -D // , and orthogonal diffusivity -D ⊥ ) as well as FA was derived from the tensor by using a homemade Matlab (Mathworks) software and averaged in these ROIs. A Wilcoxon nonparametric paired test was used to compare statistically values between ipsilateral and contralateral ROIs, significance was reached when P < 0.05.
Immunostaining: Image Acquisition and Data Analysis
For post hoc analysis, immunostained sections were examined with a Nikon Eclipse 80i microscope using Nikon objectives and photographed with a digital camera (Retiga EX; Qimaging) under the control of Openlab software (version 3.1.2; Improvision). Confocal analysis was done with LSM 700 confocal microscope using Plan-Neofluar ×40 or ×60 Oil objectives (Zeiss). Image processing was performed with the program LSM Image Browser version 4.2.0.121 (Zeiss).
For quantification of labeled cells, confocal images from the sections at the level of barrel cortex were used. Electroporated region was recognized by the presence of fluorescent neurons. Except when indicated, images were taken from 3 adjacent areas within the somatosensory cortex from at least 3 coronal sections of at least 4 animals from a minimum of 2 independent experiments. Quantification of fluorescent cells was done using ImageJ software (version 1.45, ImageJ Inc.). Levels of astrogliosis and microglial reaction were quantified as surface density of GFAP and Iba1 fluorescence using Metamorph outline software (Molecular device).
The fiber density was quantified on confocal photos taken with ×60 oil objective from the region of external capsule aside from the cingulum. Images were taken from 3 coronal slices of 4 animals from at least 2 independent experiments. Number of tRFP-positive fibers crossing the line (length 50.81 μm), drawn perpendicularly to the main axonal direction, was quantified. Microglial Iba1-positive and CD68-positive cells in the external capsule were quantified using LSM Image Browser software (version 4.2.0.121) on confocal photos from 2 adjacent regions starting aside from the cingulum from 3 coronal slices of 5 brains.
For electron microscopy studies, the quantification of the myelinated fibers was performed on the microphotos taken with the same magnification from 10 random regions in 2 of 3 obtained blocks of the dissected ipsilateral and contralateral external capsules from 3 animals. For measurements of fiber diameter, axonal diameter, and g-ratio, 7 randomly chosen fibers from each photo (70 fibers per animal, n = 3 animals) were analyzed with the Tecnai software (FEI Tecnai).
Except when indicated, results are expressed as mean ± standard error of the mean (SEM), n = number of analyzed brains. Statistical significance was measured by Student t-test (paired, 2-tailed) and defined at *P < 0.05, **P < 0.01, or ***P < 0.001. For repeated measurements, one-way ANOVA test was used when compared one factor. All statistical tests were realized with GraphPad Prism 5 Software.
Results
Neuronal Lesioning
In order to induce apoptotic death of layer IV neuronal populations in the developing somatosensory cortex, we performed in utero electroporation of E16 rat embryos with a mixture of tRFP-DTR encoding vector and a GFP-encoding control plasmid (Fig. 1A ,B and Supplementary Fig. S1A ,B). Our electroporated cell population mainly comprised small granular neurons in layer IV but we also observed scattered layer II/III pyramidal cells. Consistent with labeling of this latter population, we found tRFP-DTR positive fibers in the external capsule as well as in the corpus callosum. Cell death was initiated by a single subcutaneous injection of DT at P15. Confirming previous observations (Petrenko et al. 2015) , DT injection induced apoptotic death of layer IV and layer II/III DTR expressing neurons without disruption of blood-brain barrier, necrosis, and death of glial cells ( Supplementary Fig. S2A-C) . Graph representing surface area covered by GFAP-positive elements. Data in F and H expressed as a mean ± SEM. *P < 0.05, **P < 0.01 (paired 2-tailed t-test for comparison between ipsilateral and contralateral cortices). # P < 0.05 (unpaired 2-tailed t-test when compared with the previous time point). Scale bar = 200 μm.
Progressive loss of tRFP-DTR neurons was observed starting from 3 days after DT injection. No tRFP-DTR-positive neurons in the layer were present 14 days after DT injection (14 DPI) (Fig. 1C,D) . Quantitative analysis of surface density for Iba1-labeling ( Fig. 1E) and GFAP (Fig. 1G ) in granular layer confirmed the significant microglial reaction in the electroporated side starting already at 3 DPI and reaching highest level at 5 DPI correlating with slow neuronal death (Fig. 1F,H) . In contrast to the decreasing microglial activity in the post-apoptotic cortex, the intensity of reactive astrogliosis remained high at 14 DPI. Notably, glial reactions were restricted to the apoptotic region ( Supplementary Fig. S3 ).
H-MR Spectroscopy Detects Specific Changes of Neurochemical Compounds Following Neuronal Apoptosis
In order to search for clinically relevant correlates of programmed cell death of cortical neurons, we first carried out in vivo, noninvasive, 1 H-MRS. Good spectral quality was achieved, as judged from water line width ranging from 8 to 12 Hz ( Fig. 2A) . Due to the very thin cortical structure in the rat pup brain, MRS was performed on a small volume of 6.8 μL centered in granular layer of the cortex. On the overall study signal-to-noise ratio was equal in average to 24 ± 3. Such consistent data were subjected to spectral analysis and absolute quantification by LCModel provided the concentration of 17 metabolites.
Neuronal death was accompanied by a decline in the concentration of the neuronal markers: N-acetylaspartate (NAA) and N-acetylaspartylglutamate (NAAG) (Fig. 2B) . Notably a drop in NAA concentration was present at 3 DPI in the beginning of the apoptotic period while decline in NAAG concentration was measured later at 5 DPI during the time of massive neuronal death ( Fig. 2B; Supplementary Fig. S2A-C) . Although, the level of these neuronal markers was still reduced at 14 DPI, the difference between lesion and contralateral hemispheres was not significant.
The concentration of glial marker myo-inositol (Ins) was increased in the cortex at 3 DPI and 5 DPI and rose further at 14 DPI (Fig. 2C) ; it was well correlated with the development of reactive astrogliosis.
The glutamate/glutamine ratio (Glu/Gln) in the postapoptotic cortex was reduced at 5 DPI and 14 DPI (Fig. 2D ) indicating a disturbance of Glu-Gln cycle between reactive astrocytes and glutamatergic neurons. This reduction resulted from an increase of Gln concentration at all time points but reached the level of significance only at 14 DPI. Notably, the concentration of Glu in the post-apoptotic tissue was not changed. Glutamine in the brain is synthesized from Glu and ammonia by the enzyme GS located in astrocytes. To evaluate whether the observed increase in Gln concentration in 14 DPI was associated with the overexpression of the appropriate enzyme by the reactive astroglia, we performed immunostaining for GS and quantified surface density of labeled elements. No significant difference in GS labeling between contralateral and lesion side was present ( Supplementary Fig. S4A,B) . Thus, elevated concentration of Gln seems to be independent of the level of the enzyme in astrocytes and may be related to its transportation or utilization by the glutamatergic neurons.
The concentration of the most stable brain metabolite, creatine (Cr) that is generally used for normalization of neurochemical compounds, was increased in the late post-apoptotic 14 DPI period (Fig. 2E) . At the same time, the content of macromolecules was decreased in the post-apoptotic cortex.
Together these results demonstrate that " 1 H-MR spectroscopy" can reveal metabolic perturbations that are specific for the acute or delayed phase of apoptotic neuronal death.
Apoptotic Neuronal Death is Associated with Alterations in Cortical Microstructure Defined by HighField DTI
We next explored neuronal apoptosis-induced alterations in cortical macrostructure and microstructure. We failed to detect macrostructural alterations in the apoptotic region on anatomical T 2 W images even in 5 DPI, the timing of high neuronal death (Fig. 3A,B) . In order to gain information about microstructural changes, we used DTI to characterize water diffusion in sampled areas. Changes in axial and radial diffusivities (D // and D ⊥ , respectively) were assessed on the FA maps derived from diffusion tensor experiments ( Fig. 3C ) with overlaid eigenvectors (Fig. 3D) . In 5 DPI and 14 DPI, eigenvectors in the ipsilateral cortex had better alignment with increased space in between compared with contralateral one. The MD value was increased in the ipsilateral cortex at all experimental time points indicating important microstructural disturbances induced by neuronal apoptosis and subsequent cortical reorganization (Fig. 3E) . In 3 DPI only D // but not D ⊥ was increased indicating an increase in water diffusion, thus reduced microstructure complexity toward the cortical surface. However, this disproportion between D // and D ⊥ values did not alter FA in the apoptotic cortex when compared with contralateral side. Starting from the 5 DPI, both D // and D ⊥ were proportionally increased without significant difference in FA values between ipsilateral and contralateral ROIs. These data demonstrate a proportional decrease in microstructural complexity during the apoptotic cell death process. In the post-apoptotic cortex at 14 DPI, all diffusivity values were still increased. However, at this time point FA was higher in the injured cortex than in the corresponding contralateral region indicating disproportional changes in water diffusivity in favor to the axial direction (Fig. 3F) . Thus, noninvasive DTI techniques identify in vivo local microstructural abnormalities in the cortex following neuronal injury, displaying proportional decrease of microstructural complexity during the apoptotic period and disproportional changes in the post-apoptotic period.
Apoptotic Cell Death of Neurons Involves a Progressive Degeneration of Dendritic Arbors
Consistent with previous observations (Petrenko et al. 2015) , our results above suggest that DT-induced cell death is a slowly progressing process (last for about 7 days) that is relevant to classical brain injury models. We hypothesized that dying neurons have an impact on the microstructural changes detected by DTI at 3 DPI and 5 DPI. We analyzed the complexity of the dendritic tree and the distribution of dendritic branches from the cell body of dying DTR-positive neurons, reconstructed utilizing Neurolucida software. At 3 DPI, dying neurons exhibited more simple morphology than control electroporated neurons at P15 without DT injection (Fig. 4A) . The number of dendritic outgrowth as well as total length of dendritic tree in dying cortical neurons was progressively reduced after DT injection till 5 DPI (Fig. 4B) . Notably, reduction of the dendritic tree was proportional in all directions from the perikaryon, which is visible on the polar histograms representing distribution of dendritic branches from the cell body (Fig. 4C) . Thus, a slowly progressive decline in morphological complexity of dendritic arbors during apoptotic death is associated with a decrease of microstructural complexity identified by noninvasive DTI.
Increasing Dendritic Arbor Complexity of Neighboring Neurons in the Post-Apoptotic Cortex
In the post-apoptotic period, besides the reduction of neurons in the ipsilateral cortex, plastic changes may occur in adjacent surviving neurons. Utilizing an excess of the control GFPcoding plasmid in the electroporated mixture allowed the visualization and analysis of surviving neurons in the apoptotic neighborhood. GFP-positive cells were reconstructed utilizing Neurolucida software (Fig. 5A ) and the dendritic arbors were analyzed as described above. The higher total dendritic length in injured cortex compared with control indicated an increase in the complexity of these cells in the apoptotic neighborhood (Fig. 5B) . Interestingly, the reorganization of the dendritic tree was mainly occurring in radial direction as shown on the polar histograms (Fig. 5C ). These findings indicate the presence of dendritic plasticity in the apoptotic injury neighborhood and their reorganization mainly in radial direction.
DTI Analysis Identifies Alterations in the Microstructure of White Matter
Focusing on the external capsule (Fig. 6A) , the DTI analysis detected significant increase in D // but not in MD and D ⊥ as a mean ± SD, *P < 0.05, Wilcoxon nonparametric paired test with Bonferoni correction). Mac, macromolecules; Asc, ascorbate; Ala, alanine; bhB, beta-hydroxybutyrate; PCho, phosphorylcholine; GPC, Glycerophosphocholine; Cr, creatine; PCr, phosphocreatine; GABA, γ-aminobutyric acid; Glc, glucose; Glu, glutamate; Gln, glutamine, Ins, myo-inositol; Lac, lactate; NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate; PCr, phosphocreatine; PE, phosphoethanolamine; Tau, taurine.
( Fig. 6B ) neither in FA (Fig. 6C ) at 3 DPI. At 5 DPI, diffusivity values (MD and D ⊥ ) were higher in the ipsilateral external capsule, indicating decreased microstructural complexity of the white matter (Fig. 6B) . Remarkably, FA was lower in the ipsilateral external capsule than in the contralateral one, indicating asymmetrical changes in the diffusivity distribution. Finally, in 14 DPI at post-apoptotic period, a non-significant elevation of all the diffusivity values was present with a decrease of FA in the ipsilateral external capsule (P = 0.055, n = 8). These data demonstrate that noninvasive DTI analysis can detect specific microstructural changes in the subcortical white matter during the process of apoptotic death of cortical neurons.
Modified Water Diffusivity in the White Matter is Related to Delayed Histopathological Changes
Because we observed tRFP-DTR-positive fibers in the external capsule as well as in the corpus callosum, we hypothesized that axonal degeneration may underlie DTI-defined changes in the white matter. To test this, we first quantified the number of DTR-positive axons in the external capsule, which as expected was higher in the ipsilateral (665.9 ± 65.1 fibers/mm) then in the contralateral hemisphere (533.1 ± 68.5; P = 0.0018, 2-tailed paired t-test, n = 4). The density of DTR-positive fibers of the external capsule progressively decreased during the apoptotic period and they were completely absent in 2 weeks after DT injection (Fig. 7A,B) .
To further characterize these changes, we performed electron microscopic analyses. As early as 3 DPI, we observed focal swelling of the axons with disruption and local disorganization of neurofilaments (Fig. 7C) . Although the density of myelinated fibers on the tangential sections was not significantly different between ipsilateral and contralateral hemispheres, the mean diameter of the fibers was larger in the lesioned side because of axonal swelling as revealed by the increase of mean axonal diameter (Fig. 7C,F) . In addition, we found an increase in g-ratio (axonal diameter to total fiber diameter) and thinning of the myelin thickness in the ipsilateral side indicating a reduced myelination of the fibers (Fig. 7F) . The progression of axonal degeneration at 5 DPI was paralleled by the appearance of empty myelin sheath lacking axons (Fig. 7D) . The percentage of such structures was 10.99 ± 1.98% in the ipsilateral external capsule compared with 1.83 ± 0.18% in contralateral side (P = 0.017, n = 3, 2-tailed, unpaired t-test). The density of myelinated fibers was 2 times less then in the contralateral external capsule (Fig. 7D,F) . However, the diameter of the axons, myelin thickness and consequently, the fibers diameter and g-ratio values were not significantly different from the contralateral side. Important expansion of extracellular space was typical at this time point (Fig. 7D) . Data expressed as a mean ± SD, *P < 0.05, **P < 0.01 (Wilcoxon nonparametric paired test).
In order to assess the delayed effect of lesion in the external capsule, we also performed electron microscopy studies in 14 DPI when all DTR-positive axons have been eliminated. Comparing the density of myelinated fibers did not reveal significant difference between the ipsilateral and contralateral sides (Fig. 7E,F) . Next, we measured the mean diameter of the fibers that was significantly higher in the ipsilateral external capsule than in the contralateral. The increase of fibers diameter was due to the significant increase of axonal diameter; however, the thickness of myelin sheath was almost 2 times less then in the contralateral side. Consequently the g-ratio value was higher in the lesioned side indicating hypomyelination of the fibers. Moreover, numerous fibers expressed signs of myelin degeneration such as intramyelinic edema and splitting of myelin sheath (Fig. 7E) . It was still possible to observe degenerating fibers lacking axons that made up to 5.98 ± 1.87% in the ipsilateral external capsule and only 0.33 ± 0.17% in contralateral side (P = 0.0399, n = 3, 2-tailed unpaired t-test). Thus, apoptotic death of projection cortical neurons appears to induce first axonal dystrophy, mainly in the ipsilateral external capsule, followed by a degeneration of altered fibers and secondary myelin degeneration as well as hypomyelination of the neighboring fibers.
We then explored whether these ultrastructural changes were sufficient to recruit microglial cells. For this, a co-immunostaining for CD68, a marker of activated microglial cells, and Iba1, a marker of microglial cells, was applied (Fig. 8A) . Although the number of microglial cells labeled with Iba1 was not significantly different in 3 DPI, the proportion of activated CD68-positive forms was 2 times the Neurolucida reconstruction where the polar axis represents the angle from cortical surface and the y-axis represents the length of dendrites in micrometers (2-way ANOVA was used to test difference between groups, P < 0.0001 between matching angles).
higher than in contralateral external capsule (Fig. 8B) . Axonal degeneration at 5 DPI resulted in the significant increase in number of microglial cells with the prevalence of their activated subpopulation ipsilaterally (Fig. 8A,B; Supplementary Fig. S5) . Notably, at 14 DPI, the number of Iba1-positive cells in the ipsilateral external capsule declined and was similar to the contralateral side. However, the proportion of CD68-activated microglial cells remained higher than in the ispilateral external capsule. In addition, we measured microglial reaction in the external capsule after targeted ablation of pure population of layer II projection neurons. To this end, we performed in utero electroporation at E18, the timing when layer II neurons are generated; and induced neuronal death at P15 by DT injection. Similarly to previous observations, death of layer II neurons in somatosensory cortex triggered distant microglial activation doubling content of CD68-positive microglial cells in the external capsule ( Supplementary Fig. S6 ). Together these data confirm that degeneration of axons due to the apoptotic death of cortical neurons induces long-lasting activation of microglial cells.
Discussion
Apoptotic neuronal death is a key feature of perinatal brain damage and neurodegenerative disorders. The results from our specific cortical neuronal ablation model with secondary consequences on white matter integrity challenge the viewpoint of primary vulnerability of white matter in preterm brain injury. It is increasingly recognized that moderate cell death without macroscopically detectable focal lesions could represent the initial step of a chronic pathological process leading to longterm alterations in neurodevelopment and altered cognitive functions in preterm infants (Kinney 2009; Dean et al. 2011; Ball et al. 2012) . While advanced MRI techniques have been successfully used to detect massive apoptotic/necrotic cell death in the brain (van de Looij et al. 2011a) ; to date no evidence is available whether subtle, histologically verified apoptotic death could be detected by these noninvasive techniques. Here, we took advantage of our recently developed animal model (Petrenko et al. 2015) that allowed the precise spatiotemporal control of moderate apoptotic neuronal death in the rat cerebral cortex and demonstrate the ability of high-resolution MRI techniques to identify distinct phases of the acute apoptotic as well as postinjury, delayed processes involving the cerebral cortex and the underlying white matter. The MRI-based quantitative parameters of white and gray matter changes we describe here bring objectivity to the method and could be compared in different laboratories.
To the best of our knowledge, this is the first report showing the utility of in vivo 1 H-MRS imaging as biomarker of histologically verified moderate apoptotic cell death in the brain. 1 H-MRS imaging detected a significant decline of neuronal markers, NAA and NAAG specifically over the apoptotic cortical region. It is generally maintained that these metabolites reflect not just the number of neurons but also their metabolic status (Lei et al. 2009 ). In patients with perinatal hypoxic-ischemic encephalopathy, the decline in absolute concentration of NAA was sufficient to predict poor individual neurodevelopmental outcome (Boichot et al. 2006; Ancora et al. 2010) . It was also shown that the concentration of NAAG also decreases early after hypoxic-ischemic injury in immature rat brain (van de Looij et al. 2011a) . We extend these observations by showing that both metabolites could be a direct biomarker of early phases of apoptotic neuronal death. Our data also show that 1 H-MRS imaging is able to detect reactive gliosis. The development of astroglial reaction was associated with an increase of myo-inositol concentration that is thought to be a glial-specific marker that could be monitored in many neurological diseases (Brand et al. 1993) . Its concentration increases early after hypoxic-ischemic injury in animal model (van de Looij et al. 2011a ) and in pediatric patients (Robertson et al. 2001; Ancora et al. 2010) . Importantly, augmented concentration of this metabolite in the post-apoptotic cortex correlates with the persistence of the reactive astrogliosis hence it could be used for the post-apoptotic detection of the injured regions when other markers of acute injury are returned to normal values. Astrocytes are involved in the neurotransmitter recycling by participating in Glu-Gln cycle that can be assessed with noninvasive 1 H-MRS (Gruetter et al. 1998; Shen 2013 ). We observed a decline in Glu/Gln ratio coinciding with reactive astrogliosis starting from the end of the apoptotic period. Notably in the post-apoptotic period it was associated with higher glutamine concentration indicating accumulation of this metabolite in the tissue. Such a decline is thought to be a marker of a dysfunction of the Glu-Gln cycle (Tkac et al. 2001) . Disruption of Gln-Glu cycle was previously described for neurological diseases associated with the reactive gliosis such as neurodegenerative diseases, Alexander disease and stroke (Robinson 2001; Seifert et al. 2006; Meisingset et al. 2010) . While the anatomical T 2 W images failed to detect any macroscopical alterations in the apoptotic area, very similar to in vivo human imaging in preterm infants, high-field DTI allowed us to identify microstructural changes as early as 3 days after inducing cell death. We observed significantly increased water diffusivity in the injured area during the acute as well as during the late phase of apoptosis. Previous studies demonstrated that water diffusivity measures are correlated to microstructure integrity of the cortical tissue and enhanced diffusivity values reflect a reduced architectural state. For example, it was recently shown ex vivo on a fetal sheep model of mild cerebral ischemia without neuronal loss that the increased FA in the cortex was associated with the reduced complexity of basal dendrites of pyramidal neurons (Dean et al. 2013) . Our results lend strong support to this notion by demonstrating an association between increased diffusivity values and the progressively reduced dendritic arbors of dying neurons. In addition, they provide proof of principle that DTI imaging is a sensible biomarker of a moderate, layer specific neuronal loss in the cerebral cortex. Interestingly, FA, reflecting the organization of the tissue, did not change during the intramyelinic swelling and splitting of myelin sheath at 14 DPI (E). Scale bars = 2 μm. (F) Histograms displaying morphometric data (mean fibers density, fiber diameter, axon diameter, myelin thickness, and g-ratio) of myelinated fibers in the ipsilateral and contralateral external capsules. Data expressed as a mean ± SEM, *P < 0.05, **P < 0.01, and ***P < 0.001 (unpaired 2-tailed t-test for n = 3). apoptotic death process indicating a general increase of diffusivity in all direction. On the other hand, we observed significantly higher FA values during the post-apoptotic period revealing a disproportional increase of diffusivity: More enhanced in the axial direction and less in the radial direction. We discovered that these changes were correlated with a progressively increased dendritic arborization of surviving neurons mainly in the radial direction. These results demonstrate for the first time that DTI analysis is a valuable tool to assess not only subtle cell deathinduced architectural loss in the cortical tissue but also the subsequent neuronal plasticity in the apoptotic neighborhood.
Since targeted cell death in our model not only involved layer IV neurons but also pyramidal cells in layer II/III with long distance projections, axonal degeneration in subcortical white matter was predictable. Indeed, DTI results revealed early microstructural changes correlated with the initial axonopathy and mild myelination deficit in the ipsilateral external capsule with an increased D // measured on DTI. It is assumed that changes in D // reflect axonal pathology (Alexander et al. 2007; Aung et al. 2013) . Previous studies reported that severe axonal damage with the fragmentation of axons such as Wallerian degeneration or diffuse axonal injury are associated with the decline of D // in adult humans (Arfanakis et al. 2002; Song et al. 2003; Liu et al. 2013) as well as in rat model of traumatic brain injury (van de Looij et al. 2012) . Here, we failed to find disrupted axons in the early apoptotic stage that together with the increase of mean axonal diameter could explain the observed increase of water diffusivity along the swollen axons. The acute primary degenerative process in axons, likely extended from dying cortical neurons, shares morphological features with early stages immune-mediated focal axonal damage in models of multiple sclerosis developing even prior the demyelination (Aboul-Enein et al. 2006; Nikic et al. 2011) .
Five days after triggering cell death, an increase in water diffusivity in all directions was detectable by DTI that was simultaneous with a significant loss of myelinated fibers and an expansion of extracellular space even without detectable pathology of surviving axons or alteration of their myelin sheath. At this irreversible stage, primary damaged fibers have been eliminated. Our data suggest that the diffusivity values are rather affected by the density of myelinated fibers. Decline in FA is another important DTI derived parameter in the perinatal brain injuries and it was shown to be a reliable biomarker of adverse neurodevelopmental outcome (Huppi et al. 2001; Skranes et al. 2007; Counsell et al. 2008; Ment et al. 2009; Chau et al. 2013) . In these studies, we demonstrated that the decreased FA in the ipsilateral external capsule reflects loss of myelinated fibers resulting from the targeted neuronal death in the cortex. These results are consistent with a previous study that showed a decrease in FA in the ipsilateral to the lesion external capsule associated with the reduced myelin without decreased axonal density after perinatal hypoxic-ischemic injury (Wang et al. 2009 ). Decline in white matter FA is an important predictor of adverse neurodevelopmental outcome in such patients (Skranes et al. 2007; Counsell et al. 2008; Ment et al. 2009; Ancora et al. 2013; Chau et al. 2013) and is reflecting hypomyelination of white matter tracts (Sakuma et al. 1991; Huppi et al. 2001; Inder et al. 2003; Wang et al. 2008 ).
An important observation of the current study is that delayed myelin abnormalities and hypomyelination of surviving fibers in the ipsilateral external capsule seem to follow the acute phase of axonal degeneration. These finding confirm previous neuropathological data indicating presence of hypomyelination in the white matter after hypoxic-ischemic and inflammation injuries (Billiards et al. 2008; Wang et al. 2008; Wang et al. 2009; Favrais et al. 2011) . It has been proposed that alterations in myelin formation during the postinjury period are associated with high vulnerability of immature oligodendrocytes and their death either due to both hypoxic-ischemic or inflammatory injuries (Haynes et al. 2003; Volpe et al. 2011; Buser et al. 2012 ). In addition, myelin abnormalities with arrested maturation of oligodendrocyte progenitors into mature myelinating oligodendrocytes were also reported in preterm human brains (Billiards et al. 2008 ) and experimental models Favrais et al. 2011; Falahati et al. 2013; Back and Miller 2014) . In the present model, we can exclude the primary death of immature oligodendrocytes. On the other hand, we showed an important activation of microglial cells in the external capsule starting from the timing of initial axonal degeneration. Recent studies indicate an important role of activated microglia in the development of perinatal white matter injuries (Kaur and Ling 2009; Volpe et al. 2011; Verney et al. 2012; Supramaniam et al. 2013; Baburamani et al. 2014; Mallard et al. 2014) . Thus, an excessive activation of microglial cells on the axonal crossroads might disturb the normal developmental program (Verney et al. 2012) . Our data Data expressed as a mean ± SEM, **P < 0.01 and ***P < 0.001 (paired 2-tailed t-test, n = 5 animals per group). Scale bar = 50 μm.
demonstrate that irreversible degeneration of axons due to the neuronal death in the cortex without primary hypoxia-ischemia or systemic inflammation is sufficient to induce microglial reaction in the ipsilateral external capsule. In turn, nitrites, reactive oxygen species, and pro-inflammatory cytokines produced locally by activated microglia may play important roles in development of secondary chronic demyelination as it has been shown in models of multiple sclerosis (Heppner et al. 2005; Bsibsi et al. 2014 ). The precise mechanism by which activation of microglial cells occur in our model as well as its role in observed hypomyelination remains to be determined.
In summary, the results of our study show that scattered apoptosis of cortical neurons may trigger, independently of hypoxia or overt lesion, MRI-defined delayed events in the developing cortex and in the white matter. These clinically relevant in vivo MRS and MRI techniques applied to this animal model and coupled with precise histological analyses provide invaluable observations for early recognition and monitoring injury events without macroscopic alterations in the immature brain.
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